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The raie of decomposition of polytetrafluorcethylene, exposed to gamma radiation in a ﬂm-qu_ng

heliuvm aimoaphere, was studied in the range of tem
MEh, and sample thicknesaes 90006 1o 0.01 cm.

ratares 330 to 450 °C, dose ratea 0.1 to 7.6
e Mmeasurements were made with a thermal

condwetivity el in the exil stream, which recorded easentially the diference between the thermal

and raditivn-indweed rave, in total modeeales of volatiles
40 ", the wolatile producia wete & complex mixbure,
major product, and the radiation-induced rate had an activation energy® of 70 to $4 k)fmal.

rgecond. At temperatures below about
bove 400 “C, tetraffuoroethylens was the
The

radiation-induced eate is proporvional to stL are root of dose rate, after appropriate allowance for the

thermal initigtion is made. Analysis of

Eq = 155 kJfmal.
reaction may he imporiant.

e resulls sopgeats thal the rate of the thermal initiation
has & very high premgunenllal factor, 10° to 109 -1

usion and reverve reaction appear to be minor iactors abave 200 °C, ba
The thermal decompoaition mechaniam seema clearly to consiat of candom

The activation ensrgy lor termination is large,
butl & surface

initialion, termination by himolecular recombination and a short kinetic chain {13 a1 480 "C),
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1. Introdudion

It appears that the normal pyrolylic reactions of
polymers can be much accelerated by the action of
ultraviolet light and will then occur at measurable
rates below the normal temperatures for pyrolysis.
This has been demonstrated for polymethy]l methacry-
late [1]2  The reason for this effect iz that in the set of
chain reactions
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For pyrolysis {2, 3, 4], the thermal initiation reaction of
high activation energy is replaced by a photoinduced
imtiation reaction whoze rate is proportional to the
light intenzity [ and essentially independent of tem-
perature.

O —>= By + Ky 2n(), 1.

In the above mechanism for polymer decomposition
we have depicted only random initiation in anticipation
aof the conclusions made in this paper. The zymbols
are defined as: {h, concentration of palymer mole-
cules with degree of polymerization », Ri concentration
of polymer radicals, ¥ monomer, and € a factor in-
cluding the quantum yield of cadicals.

The same result can be anticipated {rom initiation
by “y-rays and other forms of ionizing radiation. The
effect is of spme practical imporlance in limiting the
service life of polymers exposed to ionizing radiation
at relatively high temperatures, for example, in space
applications or nuclear installations, It also can be
applied to deduce more detailed information concern-
ing the individoal rate constants in pyrolysis, as illus-
trated by Cowley and Melville [1].

Initiation by gamma radiation is especially conven-
jent in the study of polytetrafiucroethylens, which
does not ahsorb ultraviolet very effectively at con-
venient wave lengths [5].
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The kinetics of the thermal decomposition of poly-
tetrafluoroethylene have been reviewed in a recent
experimental paper [6]. Investigators are in agree-
ment 1hat in vacuom berween 360 and 510 °C, the
product is nearly pure muonomer and the rale is given
rather closely by the egs{7-10}.

tf;.'::_w= 4.7 X L{y#eg-umaikig=1 (1)

e 1
1=0d < 0.0

=

where ry iz the fractional rate of volatilization of the
polymer, The conversion €, that is, the fraction of
the original sample volatilized, is defined by

E ﬂﬂn (£}
2 B

C=1— (2]

In eq (1) and subsequent expressions, X takes
the numenical value L98616 cal *K-! mol—? and 1 ¢al
= 1. 484) J.

The kinetic chain length has been astimated from
molecular weight changes [6], but it and other param.
eters are still subject to large uncertainties.

Recent summaries of the radiation chemistry are
available [11-131. It is noteworthy that two radical
species are formed, —CFq-and — CF:CFCF:—, and
that naumerical =values are low, for radical formation
and other processes at room temperature [14, 15]
When polytetrafluoroethylene was expused to radia-
tion at a very high dose rate, the weight loss increased
rapidly over a short temperature interval {16].

In the present work the decomposition of polytetra-
fluoroethylene has been studied in the range of tem-
peratures 330 to 460 *C and dose rates 0.1 o 7.66
megarcentgens per hour (MR/h), and expressions have
been deduced for the thermal initiation rate, the chain
length under various circumstances, and the activation
energies of elementary rate processes. HRate of
monomer evolution wes measured by changes in
thermal conductivity of a Howing stream of heltum.

2. Experimentcl Procedurs
2.1. Apparatus

The polymer samples were usually polytetrafluoro-
ethylene cast film, of thicknesses 0.0062, 0.0025, and
001 em. In certain studies related o molecular
weight, powdered samples were used. of molecular
weights 1 10 2.5 105, 1 to 3 X 107, and 1% 10F, esti-
mated by the standard specific gravity method of
Sperati and Starkweather [121.

Tetrafluoroethylene for calibration was prepared
by low-pressure pyrolysis of the polymer {17]. Helium
was the commercial gas of 93,99 percent assay. Mass
spectrometer analysis indicated ne appreciable im-
purities, and specifically less than (.07 percent of Ha.

Attempts to concentrate CO; by trapping out from the
stream at 77 "K led to inconsistent resulis, from less
than {.(02 w0 Q.01 percent.

Helivm was led [rom a cylinder through ene side
of a thermal conductivity cell, thence to a pyrolysis
chamber containing the zample in the radiation source,
and finally to the ather side of the thermal conduc-
tivity cell and to a trap immersed in liquid nitrogen.
The principle of the method has been applied before
[18]. The pyrolysis chember was constructed of
stainless steel, in two pieces, joined at the top by a
flange and an O-ring. The outer wall was #) cm in
length by 5 cm diam. The top member contained an
extension, 35 cm length by 4.5 em diam, which projec-
ted dewnward inside the chamber space, and carried
at its lower end a4 helium inlet 1nbe and a detachable,
petforaied hollow stalk bearing four aluminum 1rays
4.5 ¢m in diameter and 0.6 cm apert, upon which
cirenlar sheets of the sample were laid.  An internal
thermocouple was mounted near the middle of the
stalk; ite leads were brought out through the heljum
inlet tube and a picein seal. The helium outlet tube
wis connected to the top flange. A comtrolled furnace
was wound about the outer wall covering the lower 15
cm of ite length and extending 4 cm below the bottom.
A control thermocouple was mounled in the furnace
insulation. The furnace assembly was mounted in a
eylindrical can a1 the end of a long tube which car-
ried the elecirical leads and the helium connections
and served as a handle. Helium going from the tank
to the furnace and from the furnace o the detector
pazsed through 4 m of plastic tuhing and 4.5 m of
copper tobing in each line. The copper tubing was
mounted in a thermostatted cabinet comaining the
detector. Helium flow and pressure were monitored
by two How metets and a manometer. Each side of
the thermal conductivity cell contained a pair of
tungaten filaments, in series, with a resistance of about
100 L3, in each arm of the bridge. The bridge current
was 250 mA, well above the recommended level, for
increased zensitivity. Bridge unbalance was fed 1o a
recorder. In the absence of the cabinet and copper
heat exchange coils, the output of the bridge suffered
conziderzble drift and a fluctuation of a large fraction
of 1 mV, correlated with changes of room temperature.
These fuctuations were redoced aboul 10-fold by the
heat exchange coils and by contralling the room tem-
peratiere to within .2 °C by a sensitive room thernostat,

Measurements were made by bringing the sample
to temperatore in the furnace at a chosen heliom flow
rate in a region of neglgible radiation dose rate, estab-
lishing a recorder base line at this temperature, then
placing the furnace in a position of known dose rate.
A typical recorder eurve is shown in figore 1. From
the iheoty of vapor chromatography instrumentation
[19], the height of the response will be nearly propor.
tipnal to the mole fracton of nonhelium components
in the gas passing the detectar, minus the mole free-
tion of such componemts, if any, under base.line
conditions. The shape of the experimemal curve
is roughly what is to be expected of a flow chamber
with thorough mixing, in which product formation
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at a constant rate begins and ceases sharply afler the
starting and cutoff times [20]. There is an additional
delay, as shown in figure 1, for the time of travel
through the tubing system. Most of the experiments
were done at a helium How rate of 0.217 em?fs,
which involved a time delay of the order of 15 10 20
min to reach maximom response. This time delay
ohscures any short-lived transient phenomena in the
kinetics of the decompaosition. The weight loss was
usually held o less than 20 percent during a series
of experiments with a given sample. The apparatus
was calibrated by bleeding pure tetrzfluoroethylene
into the helium line 1o the furnace, from a 30-in] bulb
in which the pressure (1.1 to 2.0 atm) was accurately
mezsured as a function of time by a mereury column
and cathetometer, At low feed rates, precision was
impaired by fluctuations of harometric prezsure.
Measurements at varicus flow rates are consistent
with a sensitivity of 0.03 mol percent C;F; per milli.
volt. The response was not noticeably influenced by
variztions of furnace temperature from 20 o #H °C,
not by Lhe presence or absence of radiation. It would
presumably be the same within errors of measurement
for most other pases of reasonably low thermal con-
ductivity. A few atempls were made tv measure
changes with temperature of the purely thermal rale
of decomposition by establishing a preliminary base
line at about 230 °C. The results were in fair agree-
ment with the thermal decomposition rates in the
literature if a correction of abour +27 °C is a2pplied
to the internal thermocouple reading, see table 1.
However, factors other than the thermal decomposi-
tion rate could have contributed to the response of
the instrument to changes of temperatare, and it is
probable that only rate diflerences at constant tem-
perature are reliably detected.

TaBLE 1. Detector reapongey (n the ghienrce of radiation
Trmp., '2° o 315.5 3565 Wi a1y
Respinas. mY i T3, .4 LR 2k

2
Eqmivalem pair, 6" % J* o I, (K 74 14.0
[
Thermal rate, = 1077 <AL | = gk REL1 0.5 1.0

= Cugrected, see "Experivnrel Prceduee.”
" DS om thicknesa, 035 £
" Thata ol Madiareky, ref. 7.

The lnases in weight measured afier fixed long
periods of ime in the abzence of radiation could be
correlated with the thermal weight lo=s data of Mador.
sky [7] only If a corvection of + 27 °C was applied to
the interior Lhermoconple temperature. The Jdata
of Madorsky on polyietcafluoroethylene appear to be
nearly free from the usually encountercd uncertainties
of lemperatore in pyrolysis experiments. Since it
was desired to correlate our resuits with these data,
a temperature cottection of + 27 °CC has been applied
e all daa except the temperature scale of hgure 1.
A nearly constant correction of this magnitnde is not
unreasonable [or apparatus of the presem shape, in
which rediant heal teansier predominares [8].
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FICURE |. Experimental detector response as a function of time,
I'ime =ample is placed Io atnl tuhen it ol 3ray wource in inedicsied.

2.2. Dosimetry

Daose rates were measured by cobalt glass dosim-
cters placed inside the Jurnace and exposed for meas.
ured times at several {ixed sites. The oltimate
calibration was referred to the Fricke ferrous sulfate
dosimeter. The sources were a nominal 2K¥)-Ci
feurie) Co® source and a 10,000.Ci =zource consisting
of a cylindrical assembly of vertical pencil-shaped
capsules, in a pool of water. Dose rates from some-
what idealized sources of this geometry are described
mathematically in the literature [21] At relatively
small distances outside the soutce there appears to
be Lttle deviation from an inverse square relationship.
Accordingly, the dose rate measurements were cor-
related by a plot of lag (JA?) against Xu, where f is the
dose rate, X the distance from the center of the source,
and Xw that part of the distance sccupied by water.
Such plats were nearly linear, with some downward
curvature. The smooth-curve values were chosen as
the dose rate at the given position.

Despite the considerable variation of distance within
a circular sample, outside the source, the dose rate
at its center can be shown to give good approximation
to the dose rate averaged over sample area, and an
axcellent approximation if the square toot of dose
rate is averaged.

To estimate dose rate within the 10,000-Ci source,
dosimeters were exposed at a variety of locations
within the apparatus, and correlated with the aid of
functions given in the Lterature [21], to obtain an
average over the 1otal sample. The measured values
inside the source were about 20 percent lower than
would be predicted from the valwes outside the source
with the given mathematical description. The error
may be in the dosimetry, as rather short exposure
times were necessary., with large relative ertors.
Although the precision of individual measurements
was never better than 5 percent, the relative values
from the smoothed curve are presumably better.

The factor 0.526 %102 eV{g MR, derived from
interpolated atomic absorption factors [22], was used
to convert megarcentgens to €Vig in polytetrafluoro-
cthylene,
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Because the samples were quite thin, the dose rates
in them may be subjecl to systematic errors associated
with secundary electron equilibrinm [22, 223].  These
errars may be nearly constant in a series of samples
of the same thickness, but may vary with thickness.
Considering the dimensions and materials, and neglact-
ing the thickness ol the heliim atmosphere, (K2
te 00008 gfem?, the received dose will be higher than
that computed from atomic zbsorption factors, and
will be highest in the thinnest samples,

2.3. Product Analysis

In a numher of instances the gases produced by the
decompaosition were collected in liquid nitrogen lraps
and analyzed by mass specirometry and by vapor
chromatography in a 60-cm column of silicone arease
on Chromosorh at — 80 T,

A large excess of carbon dinxide was usually found,
which was greatly reduced hut not eliminated by 1he
provision of a liquid nitrogen guard trap [ollowing the
collection trap.  The weight increase in the collection
trap usuaily exceeded the weight loss of the polymer,
presumably because of backward diffusion of aimos-
phetic water and carbon dioxide, The chromate
graphic method employed produced relatively poor
resolution: C,F; was separated almost compleiely
from CO: but not from air or CFy CiFe coincided
with COh: and the complex mixlure from atmospheric
pressure pyrolysis of Teflon [17] yielded hve distinct
bul nol tolally reselved peaks.

Used polymer samples were adherent to the trays
and apparently uniform in thickness. This was
checked in a few instances by. measuring the thick-
ness of residue plus supporting tray with a micrometer
thickness gage. . The used blm was discolored 10 a
medium brownish gray, with nearly black lines ex-
tending cutward from the helium flow arifices.

2.4, Chlorine Fixolion

The radiation-induced fixation of chlorine was alzo
measured by exposing sample tubes containing aboul
1 g polytetrafluorcethylene film and 30 ci* chlorine
gas at 200 torr (measured at 25 °C), in a4 fumace at a
dose rate of 7.6 MEB/h, to a tolal dose of 20 to 30 MR,
A large excess of chlorine remained. The product
was then heated for 2 h at 270 °C opder vacuom to
remove volatile chlorine compounds, the resultant
weight loss being a few percent, and the residue was
analyzed far chlorine.

3. Results

3.1. Rats of Reoction

In pgeneral summary, the radiation-produced in-
crements in gas evolution were small absolutely,
always a fraction of the total weight loss, and exhibiled
a low temperature coefficient. In the volalile prod-
ucls, the monomer C.F; was a principal component
at the higher temperatures investigated, but rarely
the only component.

The results of the rate experiments are shown in
Bgore 2 as logarithmic plots of the rate-difference.
due 1o radiation, r—rs, 5!, versus the reciprecal of
ahsolute temperature, for each of several dose rates
and sample thicknesses. It is evident that these
values are all rather low, and that their temperature
coefficient is small. Supplementary results outside
the range of the figure, and usually of lower precision,
are listed in table 2. Since the detector response
gnes approximately as the namber of moles of gas
regardless of identity, the cotrecl units for r—rg may
be regarded as

moles total gas

{base mole polymer) (sec)

TaBLE 2. Radigrior-indnced  decomposition  of palyterrefuore-
ethylene; suppfement o fgure 2%

Temp "2 AHLE a7 ho ] 3586 5 A2 5.2
D rane. MBn -} LI T T T T80
Racr, r—r,,

Ty b EA) 4 4 1 b 15

* Thickrneta nf illme, 00025 ¢,
“Correcied., vee “Experimenial Prosedure. '™

The method of operation made it possible 1o obtain
wilh fair precision only the difference between the
aclual rate ¢ and the thermal rate in the absence of
radiation, rp. Under the most favorable conditions
recorder Huctuations seldom exceeded =003 mV fox
pericdds of 1 h. At the flow rate most used, this is

equivalent 1w .03 X%%Xll}" molfibase mol) (s)

where w is the sample mass in prame. The resoltant
oncertainty is abeut 0.24x 1077 57 for the samples
0.0025 cm thick (mass 0,33 g), about 1 % 10-7 -1 for the
0L62cm samples, and 0.06 > 1077 571 for the 0.01-
cm samples. For less favorable periods these eati-
mates should be multiplied three-fold 10 allow for
occasional wnexplained drifts. An additional error
of 5 to 10 percent of the reported value may be ex-
pected for experiments not near the beginning or end
of a sequence, where the weight of the sample at the
time of the experiment was uncertain. The curves
of figure 2 would be activation energy plots for the
yray induced reaction if the thermal rate r¢ were
negligible and the product composition constant aver
the temperature interval. Since these conditions did
not usually prevail, the curves constitute merely a
device for displaying and interpolating results, Fig-
ures 3 and 4 illustrate the variation of rate difference
with dose rate in a carefully controlled sequence of
experiments on (LW2%.cm flm at 4025 *C. It is
evident that the rate-difference, r—rg, is not linear in
either dose rate I or square roat of dose rate. This
appears to be generally true for the 0.0025-cm and 0.01-
em flms at all temperatures, as far as the much more
limited data go, but not for the 0O006-cm films, for
which the variation seems nearly linear in dose rate,
tahle 3. In this table, reduction to constant tempera-
ture has not been attempted; by reference 1o figure 2,
the corrections cannot be much greater than the ex-
perimental error.
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The thinnest samples are also exceptional with
respect to r— g considered as a function of sample
thickness, figure 6.
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TabLE 4. Feight losa and gas erolurion rates®

Temp, Y 2546 4T ATLG 25 369 400 401 M7 452
Daes rine. MR LSS i o T T T T T Tl
Lar evohation, rate iscremenl,
wrolfbane wnd - e, % 00° EY 35 I5 v m ] E L) i
'I?It lmll. rate, w70 2 WP WEM" | =i | 165159 [ 150 T2 1H 104k 120 18k
nia loal
ol gz = Il il ] 44 40 LX)

= Jamphe 1hh:inean W02 o
¥ Corrected, nee “'Expecomeenial Procedure, ™

*Compungd an {1 INR sl Tor the perdod Jorsdiaced, exdusive of preheating.

*Limitn ealimaied [rom asrumed weighong eoroc o 1 mg,

In table 4 the weight losses are compared with the
rate-increment of gaseous prodoct formation under
various conditions, The weight loss is always several
times the rate-increment measured by gaseous prod-
ucts. Al the higher temperatures such large discrep-
ancies can of course be explained by the existence of
an appreciable thermal rate. Al the lowest tempera-
tures, the thermal rate is negligible and other factors
are important. For example at 369.9 °C (corrected)
and 7.00 MR/ the gaseous product rate increment
was 217X 17 &', the observed weight loss rate
72 10-7 5! and the thermal weight loss rate, from
the hterature [7], should be 2 10-% 87'. Hence, the
large ratio of weight loss to gas molecule production
at this temperature must depend entirely opon the
predominance in the product of unknown molecules
much larger than monomer.

3.2, Products of Reqction

The mass specira of collected volalile pruducts were

very complex. with mass peaks as high as 300 (CslFh),
and defeated any aitempls at full analysis. They also
showed the presence of much carbon dioxide, 3 to 10
times as much as the maximum pesaible fraction of
e L.Fi. Silicon retrafluoride was absent except for a
trace on one occasion. A large sample collected at
477.6 °C {corrected) and 0.22 MKRfh was exceptional,
conszisting of C,F, and L3 percemt CyFy.

The large amount of C0h was prebably a reault of
the trapping arrangements. This 1= sopported by
abservations that the weight collected usuoally ex-
ceaeded the polymer weight loss, and that the propor-
tion of COy was less in expetiments with a second
guard Lrap.

Other sources for sume of the Cy requoire considera-
tipn. The analysiz of the helium doez not exclude
10~* parta of (), and more could have diffused in
through the 3 to 4 m of flexible tubing in the helium in-
let line. From the quoted permeability of plasticized
polyvinyl chloride [23] to oxygen, stated as 50 1o 305
fem®) (mol)f(200 in®) (24h) and the measured length
(4m), diameter (0.75 em}, and wall thickness (0,19 cm),
an amouni eqoal o 1 e 1% 107" molfs—' could have
enlered by diffusion, which if it reacts stoichiometri-
cally, is equivalent to a rate of 0.3 to 3% 10-7 =1 in
a .33 g sample. Golden [24] haz reported and dis-
cossed & reaction of polytetrafoornethylene with
oxygen, forming COF: as a primary product, which
can subsequently yield O and SiFy by reaction with

glass or water. The failure to find SiF,, as well as
the low pressure at which any oxygen would be pres-
ent, makes it onlikely that these reactions were im-
portant here. Possibly COF: could have been formed
and reacted in the plastic part of the exit wube with
small amounts of hydroxylic compounds or water, the
resultant HF being totally zbsorbed in the plastic.
It is assumed for the present that all the CO; found
was of extraneous origin.

Another possible product from oxygen is the oxide

2CF0—, recently reported from the radiation-
induced reaction of C:F; and O: [2§]; however, oo
trace of the corresponding fragment ions was found
in mass spectra.

A few tentative conclusions may be drawn by con-
sidering the largest peaks of some of the mass spectra,
table 5, in the light of the known cracking patterns
of Auorocarbons [26]. The most important omissions
in availuble cracking patterns are probably hexa.
fluorocyclopropane, octafluorohutene-2 and the higher
perfluoraalefins, The C.F: peak is major for CiF,
and much smaller for other known Aoorocarbons, the
CuFau_1 and CiF:y peaks are large for a perlvorcolefin
C2Fz, and the CF» peak is major in perflucroparaffins
and less important in perflusroolefins.

Unless hexaBuorecyclopropane and octafluorohu-
tene-2 ave present in large amounts and have large
CiF: sensitivilies, the amount of C:F; is probably
nol much lower than that computed from the gsensi-
tivity of C;Fy at this peak, The CFs peak height is

TABLE 5. Relalive irlensilies of mias spactra of volatiies prodaced
Sfram podytetrafuorocthyvlene (.33 &) trradiated of e indicated
terperatures © with 7.06 MRIL

Blélanive Thaemialches ac
e, ion |

<360 407 L | 462 40
51 CF 1,550 30 ELL)
3 iy >i0000 ¢ 2,050 2610
L, atlr Ful) L7
9T, rAln s 5.
al 1,4F; Hil ([} 250
g3 {LF; 13k 45 ]
104 . Fy a 2 | Btk
119 O,F, /0 '] Fr
131 5F, 3,130 253 L4T
150 O, F, [:~8 k] 14
181 5,F 54 A 55
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oo small 10 accommodate any large proportion of
petfluoroparaffins, Provisional constructions based
on {3, Cs, and C, olefins and perfluorocyelobutane are
rul;t]gh:i}f compatible with the analyses suggested in
table O,

TaBLE & Decompasition produces

Tempera- Mole poreenn Iy w0y purlan
Eure 52
LKy OF, i= Gt | L | rr— 0GR
T H 13 L3 n |
0 %] ] 13 1L 3
LR I Kl
*Cwrrecned.

P Dvue rote 700 MEML thickmers QAN cm,
* Dicore rabe; 0kE2 MR, hechoneas 07 o,

Vapor chromatography was complicated by the
large amoums of CO:, which was not removed chem-
ically. The overlap of CO: and CeFy is almosi com-
plete, and because of the long tail region of CO; and
great breadith of higher component peaks one can
only say that po higher olefin ameonted to as much as
10 percent of the CQy, ie., 100 percent of the C.Fy.
A clear separation of CoF, and COk: was effected; how-
ever, any CF; would appear with C:F.. Air, which
could also interfere, was removed by degassing at
77 °K. The principal wtility of the chromatograms
wias 10 demonstrate thal CF, was indeed present,
and that its ratio to C0; was abont that estimated
from mass spectra.

The product composition showed no clear trend
with dose rate or radiation history up 10 100 MR,
alihough soch irends should exisi. The only per-
sistent correlation was with temperature; the mass
apectral data suggest, for the non-CQ: portion, about
40 percent CzF, at 407 °C, 60 percent CsFy at 462 °C,
and nearly 100 percent C;Fy at 487 °C.

The product compositions and their trend with
temperature introduce errors of the order of 50 percent
into the rate data. QCorrections fot this appear futile,
in view of the inexactness of the composibion results,
the slowness of ihe trend with temperature, and
especially the lack of any demonstrable variation with
dose rate. At temperatures belaw the range of figure
2, the compilexity is toe great for kinetic treatmenl.
It is curious that despite this complexity, no waxlike
deposits of high-molecular-weight producls were ever
found in the cooler regions of the decompositinn
chamber.

3.3. Chiorine Fixation

The &-value computed from Axation of chlering in
the polymer by radiation was 3.0x0.1 atoms of chla-
tine hxed per 10 eV absorbed, at temperatures of
327, 340, and 380 *C. A thermal chlorination blank
at 327 °C was negligible. The polymer strips were
unchanged in appearance in the thermal blank, but
melted in the radiation experiments. The G value
for chlorine ahsorption may be somewhere near thal
for creation of radicals escaping the primary cage.

4. Discussion

4.1. Kineties

Assuming random initiation and moderate zip length
and permitting monomer only to evaporate, one can
derive the following rate expression for the process
of decamposition

M — Ry @

where dM{dt i=s the moles of monomer evaporated per
second from a aample containing By moles of polymer
radicals. Since this is an open system and the sample
volume, which is decreasing, is proportional o weight,
the formulation depends to some extent on the con-
centration units used in bimolecular steps. For our
purpoze we choose R as moles of radicals per cm?.
Then the steady condition is written

S nQu= k&R i4)

where Qy is now moles of polymer molecules per em3.
The E ni(?. is simply p{m where p is the density and

m the monomer molecular weight. The radical con-

centration is then

— (ko)
R_(kc m)
and
m 2 a2t}
O bRV =R E = sk ————.
t p
Since
Y ad)=[1—C] ¥ aQai0),
ac 1 aM ki myw
n=(1-015-= —=ka [T =] s L
# 1—g 3 2@ud0) o (E‘ P) (5)

If conditions are such that iniliation dowes not oceur
Lhermalty bot is induced photochemically or by jonizing
radiation, and if the character of all speciea involved
iz unchanged, then the steady state condition, eq {4)
is replaced by

®f Y nQa= kR

where [ is the intensity of radiation.
The resulting rate becomes

f:
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The ratio rd-'"% should be independent of intensity.
The constant @ is derivable from the quantum yield
or the radiation G-value for radical formation, and is
normally almost independent of temperature.

From the comparison of s and ry, the thermal and
the radiation rates, a nomber of facts concerning the
elementary reaction sieps may be deduced. Thus
the thermal initiation rate i= given by the rvelation

iR B

Le.,

r‘l

=1 _{Fr;_ﬂl.fzf

(8

and all the activation energies can be obtained with
the aid of bond dissociation energics and thermo-
chemical minrmahbon.

In the present instance, at least bwo complications
are present: (a) the initiation process is not the same
for gamma-ray and thermal initiation, and (b) the
thermal rate is appreciable.

4.2, Mechaniam of Initiation and Terminotion

In thermal initiation, the C—F bond sirength is
great enough [27] =0 that only C—=C splitting need be
considered.  Therefore, we write ) — = 2R, where R
stands for ~ CF.CF.-. Radiation seems to prodoce
radicals by twa reaciions

QE}EH
o0& =R, +F

where Ry stands for the structure = CF,CFCF. s
The evidence for Ry is old and direct [28] while that
for R depends upon subtractions and upon identi-
fication of an oxygen reaction product »CF.CF.0,
[29, 30). Separation of the pairs R, generated ther-
mally or by process e, may be sirongly hindered by
cage effects, whereas in process B separation of F
from Ry could he much easier. Thus, althoogh the
bond scissions in the rtadiation processes a and §
may be temperature independent, both the separa-
tion of radicals and the recomhination reactions can
ke diffusion limited and thus in principle 1emperature
dependent. For a diffusion-limited combkination
A+ B, Smoluchowski [31] has shown that the second-
order rate constant is proportional to $(D.+ Dg),
i.e., to the sum of diffusion constants. Since F is of
small volume {(cf. Ne, N) and highly mobile, not only
the separation efficiency of F but the combination
rate of F with large radicals will be very large. (% 20y,
while that for R+ R will be much smaller. There ia
thus no necessary equivalence between the thermal

and radiation processes, in either initiation or rer
mination, and complete lemperature independence
of radiation initiation is doobtful. In special circom-
stances both the equivalence of species and the tem-
perature independence of radiation initiation can be
valid.

Two coatributing citcemstances can be noted.  For
termination, Siegle, Muns, Lin, and Larson [6] have
postulated the reaction R+ R fss S+ U where 5 iz a
saturated molecule and U an olefinic molecule of
polymer. The radical Ry should also decempose at a
rate which is comparable with propagation

R, =>U+R

s Gy CFo CFCF 2 CFaCF e = w CFCFCF=CF .,
+ - CFCFy~~, and iz therefore rapid if there iz a chain
pracesz at all. Therefore, the decompaosition of Ry
can produce as many olefinic groups as initiation
process G produces F atoms. I the termination of
Siegle et al., occors to an appreciable extent, olefinic
groups will accumulate more rapidly than F atoms,
It is likely that the addition of F to a double bond
accurs with near zero activation energy (cf cases m-
volving 1 [32D and at & rate roughly comparable to
comhination. Ultimately the large number of clefinic
groups U will competle suecessfully with all radicals
to consume nearly all F and produce further radicals
R almost quantitatively, These processes with ini-
tiation @, in the presence of olefins, can produce 2R,
not in a cage, and almost mo F. Other processes
which compete similarly with R+F = S may be
F +»{CF. — CF, o F;+-CF [33): F
+ CF.=—=CF: = CFCF; - ; and F (polymer
melt) = F {vapor). The combination F+F can
be neglected, hecause of the low bond energy of F;,
37 kecal [27], favaring dissociation a1 high tempera-
ture and low total concentralion, and the low or zero
activation energy for Rumercus reactions with F.
If termination is by combination exclusively, but By
decomposition is complete, mare complex quadratic
relations prevail among the several concenlralions.
Including the thermal rate of initiation 4,{Q) and de-
noting the rates of processes o and 8 by fHf and
BN, it is probebly sale to asser the inequality

la - ellf0] (g < th (et 5H1(0)

To the extent that F atom reactions occur they may
reduce Lhe pair corvelation, cage effect, and tempera-
ture dependence involved in the coefficient «.

4.3. Radiation Initiation Rate

Experitnentally, the constant G-value of 3.0 for
chiorine absorption snggests that in the temperature
range 325 o 380 °C some sort of inftiation process is
temperature-independent,
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This experimental G.-value refers to some unknown
composite of the reactions:

e = 2o FCFa
0 > wv CFCFCFy mot F-
wr CFCFCFy > wCF = CFs + - CFa ™
we CFCF3 4+ Clo > me CFCF,Cl+ C
ws CFCFCFz e+ Cly > v CF;CFCICFwt C]
e CF = CF2 + Cla = we CFCICFCL

Losses from scission of C— Cl bonds were presumably
reversed by the excess chlorine prezent. An in-
creased rate of scission at sites adjacemt to C—=Cl
bonds could have raised the overall scission rate in
the sample, but the published rares of pyrolysis of
polyehlorotrifluorcethylene [34, 35] suggest thar this
increase would be moderate for the temperatures
and timez used. Al the low Ch concentrations sol-
uble in polytetrafiuproethylene at 300 1o 400 °C, the
uptake of Cl must be & measure only of radicals which
have escaped the primary cage. Propagation reac.
tions should not interfere with the measurement unless
chains are completely consumed; the only require-
ment is that reaction with Clz shall compete suceess-
fully with termination. |

If radicals Ry, ~ CF:CFCF; = do not decompose to
R, then G(Cl) measures [2e4 8][(}] in the notation
used earlier. I they decompose gquantitatively ac-
cording to

=>R+1
> s CF=CFy+-CFy™

By
= CFCFCFy~

and the productz combine with chlorine to yield
s CFCICF: Cl4 CICFy~, then GICl) measures [2o
+38]101 .
Other estimates of the G-value for radical formarion
in polytetrafluorcethylene, principally at room tem-
petature, vary between 0.2 and 10 {14, 15, 36].
With reservalions, the radiation initiation rate will

be consolidated as fbn‘%f and it will be considered

tentatively as temperature-independent and equal 1o
the experimental chlorine absorption,
e =201

dt experinenial He

4.4, Reduction of Experimentol Data for Mixed Thermal
and Radiolytic bnitiotion

The data of figures 2 to 4 and table 1 are differences
r—ry of the actoal rate r and the thermal rate r.

The composite initiation rate is represented by

¥y E n@n + @t 2 HQ::- f‘JJ'
The total decomposition rate is
QI g 1
r:kﬂ-‘n . ) [f_] (10)
g
therelore,
r— = (]. +;£ .Ir)ln_ﬂ];

The relation between the photo increment r—ry
and J''* describez a hyperbola which has an asymptote

I
r—r=rn (g) nt—rg,

T

(1)

1
The asymptote has the slope 1 (;;2) and intercepts at
1

i
Pit= (%) and {r—r}=—r;, Thuos both the thermal
rate and the ideal radiation rate parameter, eq (6}
1
pfVi=py (%) can be isolated. In figure 4 a rea-

1
sonable correspondence to the hyperhola

fr—te+ 10.37 X 10-7T)¢
{1037 = 10-7)2

{_.i'j.'ﬂ}lt _
T 0.7

i% seen.

If the hyperbola of figure 4 does not include nu-
merous points at high /Y2, determination of the as-
ymptote is unsatisfactory, and moreover the form is
not well distingonished from a parabola. Since the
initiation rates are to the half power in the rate ex-
pression it also follows that ry the pure y-ray initiation
fractional rate of monemer volatilization is related
to the totzl and thermal retes by the expression

re=s2 —f {13}
Using eqgs (5) and (100
ki m _Em
i“:-—E P { ki +dl) i o ki
_[4m
_'[de] (). (13}

Factoring the right side of eq (12} permits the
formulation

r=r=n{lr+n

rtan=/{lr—r}

(14)
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or

w

— ry=—2r+ ~
r n i {r—ﬂ]}

Rearranging and inserting the expression {eq {13)} for
# we obtain

m_ P
fa P F—n)

Fr—p=—2p+

(15}

If r—ry is ploted against (r_!r), a straight line is
[1}

abtained. The ideal radiation rate parameter rJ-V

1)
=r (T is given by the square rool of the slope,
and 1he thermal rate f by one-half the negative inter-
cept. The difficuity with this 1vpe of plot is that at
low r—rp the error in the abscizsa ffr—n is very
large. Within the large error figure 5 appears to
constitute the required line. The value of the nega-
tive intercept is somewhat uncertain because of the
long extrapolation: therefore, ro is not accurately de-
termined. An algebraically equivalent value of ro
can alsc be obtained as half the product of the slope
and the intercept on the (ffr — ) axis.

Plots similar to fgure 5 were made for varicus
temperatures and film thicknesses, utilizing the data
of fgure 2. They soggest a rrend o upward corva-
ture, difhicuh to establish because of the few points
and large associaled errors.

If the radiation process involves radical pairs which
remain correlated throoghout their lifetimes, r and
r—ry should be linear in f. Figure 3 shows that
r— g is not,  Likewise figore 4 should be a parabola,

which is more difficult to disprove, and figure 5 should
be a vertical straight line. The possihibty of some
lirear component, either rom correlated pairs or
molecular processes, is difficull to investigate. I the
contributions are independent and the rate can be
represented as

r=rp{(1 + oW+ b} 16}

where o=@k, it is possible to develop r—ry and zuch
ratios as (r—rolff. {r— oM~ as series in f or 1'%, Tor
low and high values of of Tn particular, a plot of
ir— " yersus I has a limiting slope nd znd a
high dose as;mptute with an intercept on the Y.axis
equal 0 rpa"®  The data of fgure 4, treated in this
fashion, did not indicale a large linear component.

The rate data for flm 00006 cm thick (iable 2)
were gnomalous and corresponded to linear variation
with dose rale.

The radiation rate constant »J~" was evaluated
for the 0.0025-cem Glm by iwoe methods —from the
square oot of slope of plws like figure 5, and frem the
highest available two points on plots like figure 4.
These results are assembled in table 7. For 0.0025 cm
filro, these data fit the equations

e V=624 exp (— 21, 200/RT) s~ MR-12hi* (17
{slopes of fig. 5 plots, first line of table 7)

el V=028 exp (— 16,900/RT) - TMR-VY2h"? (18)
{highest two points of fig. 4. plots, second line of
Lable T

TagLE T. Pure radiation rate constants for decomposition of
potytetrafioroethylens
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4.5. Thermal Initiation

The rate of thermal initiation may he computed if
the description cutlined in eqs (6), (12), and (17) or (18)
is valid. By eq(8)

foy = Bl —1)E

The rate parameter @ for radiation initiation is esfi-
mated from the polymer density, the polymer segment
molecolar weight, and the experimental {rvalue for
chlorine absorption. The refined representation de-
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veloped by Siegle, Muus, Lin, and Larzen [6] can be
rewrntten with lille luss of accuracy

ﬁlﬂ“ =5.25 exp (1393 RT) molflirer 750 = T °K > 640,

For present purposes the value at 400 °C will be used,
neglecting temperature variation, viz,

P13 = 14.58 molf1.
m

From the experimental GICI=23.0, and the estimated
[221 velation for polyietrafluoroethylene, 1 MR =0.526
* 10°" e ¥ /g the value of @ becomes

D =364 % 10-*;s-'ME-'hr. {19}

By combining eqs {17) and (19 with Madorsky’s [7]
thermal rate,

fa = 4.7 %10 exp {—80.500/RT} s~ i5)

the rezulting thermal initiation rate is,

by 2207 5 107 exp {—118,600/KT} 5", (20

A simjlar estimate utilizing eq (18] in place of eq (17}
vields

A oa L0 WP exp {—127 200/KT} s, 21)

Substitution of the thermal rate equation of Siegle,
Muus, Lin, and Larsen [6f will yield nearly the same
results.  Both the activalivn energy and the preexpo-
nential factor are remarkably high, the preexponential
factor being nutside the range of usual experience.

4.6. Propogation

Activation energies ol other steps can he computed
from eqs (5}, (17} or (18), {19) or (20}, and the known
bond dissociation energy [27] and equilibrium-pressure
relationships [6]

1 l ..
-E0=E“J+E E|_§ .E-q

E}-=E-g_%Eq.

From Bryant's C—C bond dissociation energy [27]
D(;_(:=E| —E,=B1.5 kcal

E.=E, —:12' Pos e =80L5— 375, or 39.75 keal,

independent of the present radiation results,

Eq =2{En‘—% ﬂc—c—E?]

= {805 — 3. 75 - 21.2}
=37.10 kcal,

where Ey=21.2 keal is derived from eq (17). Utiliz-
ing eq (18}, the corresponding £y is 45,70 keal. The
value of E:=3975% keal is in agreement with the
equilibrium pressure rvelation [6] and heat of polymer-
ization |27] and a reasonable allowznce for the acti-

valion energy £_» of Lhe reverse propagation of 01 1o
7 keal,

E-_r= H}l + E_g
=37.57+{0 to 7} keal.

4.7. Termination

The value ol £,==37.10 kecal is in qualilative agree-
ment with the concept that termination is diflusion.
contralled and limited by the high melt viscosity,
Melt viscosity measurements [37] have been varicusly
interpreted 10 indicate that the activarion energy for
viscons flow is 36 keal |37] or else [38] that below
365 °C il is abont 25 kcal, and above this temperature
it iz 52 keal, pessibly with a chain-scission mechanism.
It remains pncertain whether the apparent change
near 365 or 380 °C is physical or chemical in nature,
since & permanent degradation abave 380 *C affecrs
the measurcmems B9, 401,

More direcily, the disappearance ol radicals in
irradiated polyteirafluoroethylene at temperatures op
tn 220 °C [41] appears to fit second-order rate expres-
sitons with relatively high activation energies

=6 10% exp {— 30,000 3,000/8T liter/mol - sec
{amotphous phase, 46% crystalline sample} (22

E=6X 107 exp {— 40,000+ 4 K RT} Literfmol - sec
{crystalline phase, 465 crystalline sample) (23)

F=6 2 1 exp {— 65,000+ 5000/RT] literfmol - sec
{crystalline phase, 745 crystalline sample). {24}

Although  1the radical speciea is  presumahly
oS FMCFCFy » rather than = CF: -, the barriers to
diffusion and recombination showald be similar, es-
pecially in the amorphous phase.

By asguming one of these equations a= a description
of 2k, a rough estimate of &; can be obtained by way
of eq {8), which implies

i
he =yl 102 [ﬁ lﬂﬂ} polipe, {25)
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Substitution of
mf-Vi=624 exp {— 21, 200{RT}
2y =6 % 107 exp {— 30,000/RT}

{17}
{22)

and [ﬁ 1uﬂ]=14.33, 20="7.20X% L0-%, as previously
used, gives

Fo=T% 10" exp {—36,200{RT} sec™ {26)

which is close to the a priori estimate of Siegle, Muus,
Lin, and Larsen [&]

fo= 10" exp {— 36, 8004RT.

Comparisons involving the depolymerization equi-
lihrium [6] and the measured propagation rate in
polymerization [11] would require knowledge of
monormer solubility in the polymer melt,

4.8, Kinatic Chain Langth

The kinetic chain length, ¥, propagalionsfinitiations
is given by

kR __F
o 3 e+ 05 0] H 9D

Table 8 lisis a few values of ¥ computed from ro
{eq (1, r—ry {fg. 2 with comrected temperatures),
by {eq (200 and @ {eq (19)). Thermal kinetic chain
Jength at high temperature are much less than the
estimates of Siegle et al. [6], ¢.g., 13 instead of T20 at

480 *C. Approximate eqoalions for the thermal ki-
netic chain length Yy and the fictitivus radiatien chain
length negleciing thermal initiation ¥v are,

Y= {27)

=—0.958 + 832047 {28)

lﬂgm Yu

logye Yy=7.932 — 4640/T —§ logw 1. (29)

In all the radietion experiments, the kinetic chain
length is small. At low temperatures the chain length
can be great only at extremely low doge rates, involy-
ing immeasurably low decomposition rates, while at
high temperatures it is small becanse of extensive
thermal initiation,

TaBLE 8. Kinetic chain lengths for polyierrafinoroethylens

decomposition
Temperaturs, ... | 406 | a5 [ 468 | 417 | 304
¥, 0 MAh, thermul #| 13| 18] 13z 250
r.n.zz-umh.. NN RN
¥, 7.66 MRth,, v 13 18] 4| 2

4.9, Molecular Waight o5 a Function of Conversien

The molecular weight changes given by these anthors
then imply not that the chain length is long, but that
termination occurs almost exclosively by combimation.
To show this, let Q{t)=the total moles of polymer
molecoles in Fir) g of sample. Mut)=mPit)=the
number average malecular weight, where m is the
monomer molecular weight and Pir) is the number
average degree of polymerization. The sample volune
is given by Vie)=WF {¢)fp: the conversion to volatiles by
C=1—=Fit}Fi0}.

The rate constants and kinetic parameters are &, ki,
Auy Kay koan, 7, and ¥, as vsed previously., Radical con.
cetitration, malfcm®, is denoted by [R], and r={rac-
tional weight loss rate, 5-', ¥ =kinetic chain length,

[RYkGR].  Also let ki = ke + koo, and o —22R10fm

2ka[RF
the chain transfer constant,
A constant steady-state radical concentration is
maintained as in eq (4):

mm

By virtue of the constant fractional weight luss rate r

V{t}=m=—wm e
P (4
= LAl ek 1,
Fi)

The total number of polymer molecules is left un.
changed by initiation and combination, and increased
by one by disproportionation and by chain transfer.
Therelore,

{]“} E) (};l]} -+ f‘ (n‘-’qq[R .Ig + .ﬁ.’;[R]'f‘) V{'ﬂd‘t
1]
MNoting that

.ﬂm[ﬂ] £

=-“-"("*"+a)

k
m
- =‘iﬂE K )J-‘@ —hie ¥r
Ot — (X0} m(hﬂr e ds

_ 5 ) fag I
=" m (m”)zk.r(l ”")
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Since
Q‘Iﬂ'=—m” =W{ﬂ}ﬂ_—€[ﬂ} .
M8 mPit)
1- 1 _(h" ) A
—_— -_—
Py Py Ve “lay

A plot of ]__E
Pit)

2 fhe, Y. .
¥ (km-l-cr) From the daia of Siegle et al.

[6], one estimates for the slope the value 6.4 X109,
The equation wtilized previously [6] is somewhal un-
necessarily imprecise and was derived assuming all
termination ta be by disproportionation, By substitur-
ing the chain length ¥= 13, it can be concluded, with
reservations due to the large experimental error, that
neither fefks nor o is much larger than 3 %1073
Alternatively, the molecular weight changes cited
could be a consequence uof reaction with impurilies.
If each molecule of impurity reacis to generate a chain
break, the number of moles of impurities that have
reacted at 16 percent canversion is given by

versus £ should be linear, wilth a

alope

016y =i+ =

_Foa-ole) w0
* LZX10F O X I0F

£t
7, 5.9
10-% of the number ol moles of chain segments could
also account for the obzerved molecular weight de.
rrease at 16 percent conversion. Half of this reaction
could have taken place before 4 percent conversion,
ag judged by the earliest experimental malecular
weight. The present picture of low kinetic chain
length and little, il any, disproportionation is consistent
wilh many other cobservalions in Lhe literature, vie,
the failure 10 observe disproporlionation prodocls in
experiments with perfloorcalkyl radicals [43], and
inhibition studies in which the polymer was de-
compaosed in the presence of various gases and fiuorine
atoms [33]. The decomposition of polytetrafluors-
ethylene if carvied out in the presence of a perfect
inhibitet, L.e., a chemical species that regcted only with
the radicals formed by random thermal initiation to
prodoce a stable molecule, should exhibit 4 net random

Thus, reaction of impuritiea to the extent

decomposition type of @ versus € curve [4], and the

ot
rate constant for the rendom decomposition should
be identical to the thermal initiation constant lor the
thermal volatilizalion reaction sludied here, Bandom
decomposition can be shown to give a behavior char-
acterized by a maximom in dC{dt at 26 percent

conversion and in our case velated to the rale constant
by the expression

o -,
(6= bt

where ¢ ls the base for ithe natural logarithm and L
the critical size for evaporation [4]. Hydrogen appears
to be the best inhibitor studied [33] showing a maximum
in AC}dt, albeit pot quite at C=0.26. Applying the
above expression to the maxima of the earlier dala
{33] one obtains

;‘-I = JA0A o~ 11 AHNRT

which is in very good agreement with the initiation
constant deduced from the comparison of the thermal
and y-ray rates,

4.10. Diffusion Effect on Initiation and Termination

The large activation epergy and pre-exponential
factor for thermal initiation, 4, and E,, differ con-
siderably {from previous ad hoc speculations. The
experimental valves reported here are sensitive to
experimental ervors, as illustrated by the differences
batween eqgs (209 and (21), and their validity depends
upan Lhe realization of the rather stringent conditions
already discossed in conneclion with the initiation and
termination in the presence of radiation. The high
E\ can be attnobuted to the need for diffusion of radicals
cut of the primary cage, comparable to the high-
energy diffusion proceas governing Ey. The large
preexponential factor, 4 X 1074, is difficult to explain on
the basis of diffusion cut of the cage. For small
molecules, the analysis of Rabinowitch [44], especially
hiz eqa {8) and {3}, lead= to a fraction f escaping recom-
hinarion -

4o EBRT
— 2%

f= 4D =i
aty

A5 (38)
+ pe —— ¢~5ciRT

Here Dye—*nfF ig the diffusion coefficient in obyvious
notation, « iz the distance between lattice points in
cim, ¥ is a ratio of total to ineffective lattice disglace-
ments, v is & frequency close to the limiting Debye
fregquency =5 X 10"* sec™' and E- iz the activation
energy for combinalion within the cage, taken as zero,
A factor e2*'® has heen inserted Lo allow for a possible
entropy of activation for cage recombination.

If the fraction £ is to be of Arrhenius form with the
requisite preexponential factor,

| L
fe= T e—HiIHT
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Lhis requires

— & BT
At T ebsein
a‘y
and

_ A

Ay * N

= 10",

ayue

These conditions can be metl only il e~ En'™T < 1019,

which a1 650 °K requires the excessively high £
> 83 keal. The second condition alone is impossible
unless either By is much greater than the ideal smali-

molecule value D¢=% efny given by Rabinowitch, or

AS* iz large and negative.

Alternatively, the large 4; could he explained by
suppaaing that several bonds are loosened in the transt-
tion staie. According to this view, the loosening
effect contributes aboul 40 eu to Lhe transition state
for dissociation of ethane [45] and raises the pre-
exponential factor to 10*7; in the preseni instance a
contribution of about 80 e is needed.

It is alsa conceivable that escape from the primary
cage occurs mainly when dissociation is followed by
one propagation step. Essenlizlly this idea has been
nsed to explain the transition from low-temperalure
radialysia of petroleum products 1o a so-called radiation
thermal cracking, the rate of which iz proportional Lo
dose rate but has a high activation energy [45].
Applied to therma]l decomposition of palvtetrafloore-
elhylene, the activation energy increment would he
E.: and the effective £, would be Dy _ -+ Es, which is
numercally not far from ihe E, deduced here. How-
.ever, arguments zimilar to these for cage escape
would require AdwcAdefdec =10%, where the subscript
£ denotes cage reactions, and this cannot be met with

““normal” preexponential factors. ln general, the
kinetics of Lhese authors should not apply here, since,
in polytelrafluoroethylene, decomposition to olehn,
i.e., propagation, deoes oot destroy a radical as in their
system, but leaves it unchanged a3 a kinetic entity.

For related reasoms, it is very difficult to devise
kinetica of radiolysis involving *unzipping” for a
kinetic chain lenglh which is long bm less than the
degree of polymerization, which can result in decom-
position linear in dose rate. The usual conclusion,
that about half of the radical pairs escaping the primary
cage will never recambing with their original partners
[47, 48], implies that the steady-state comcentration
of all radicals, paired and unpaired, will be governed
largely by bimolecular terminaticn and thus go as the
square Toot of dose rate.  Perhaps a complex interme-
diate behavior could be observed in special sitnations,

4.11. Diffusion Effect on Propagation

The idea that the reverse propagaiivn reaction

R+ ME2o R (31)

could be a factor is suggested by the appreciable
partial pressures of monomer existing in some of the
present experimental work, and by the low values of
the published thermodynamic equilibrium pressure
[6]. The eguilbrium pressures could be in error by
a ftactor of ten. Preliminary arguments against
reverse polymerization as a serions infuence are

{1+ Ar different helium flow rales, the partial
presatre of monomer varied widely, but the obzerved
rate of evolution remained approximately nnchanged.

{2) The observed rules were nearly the same in
0.01- and 0.0025-cm sample thicknesses, despite the
lvur-fold difference in monomer partial pressure,

(23} In the pyrolyses reported by Siegle et al. [,
the prezence of excess monomer pressure, although it
profoundly altered the product composition, reduced
the rate of weight loss only by about 50 perceni.
At 380 *C, when polvmerization should have been
highly favored by thermodynamics, it proceeded only
very slowly, although its reverse had measurable
velocity in independent experiments in a vacuum.
It is poszible that the monomer concentration was
actually maintained at a low level either by thermal
dimerization (not favored at too low a pressure) [49]
ot by transfer o monomer

RCF;CF; - + CoFy—> RCF == CF. + C;F;.
or

RCF:CF; - + CoF  ——= RCFCF + CoFa

which i= only very slightly endothermic [27).

The problem of diffusion-limited monomer evolution
in depolymerization has been treated by Cowley and
Melville [1l. However, the possibility that reverse
depolymenization occurs 10 an appreciable extent,
arising from a buildup of the concentration of monomer
in the bulk polymer, does not appear to have been
treated explicitly.

The sample can be regarded as a slab of thickness
! cm, with no flux of material through ihe bottom
surface (x=0) and open at the top (x=1{. This
differs {rom the slab of Cowley and Melville [1] which
cormresponds to two such slabs assembled bottom 1o
bottom. Meonomer is generated within a volume
element of ¥ cm® of the slab at a nes rate

B — bR - kAR (M),

where [M] is monomer concentration, in units of
molfem?, [K] is radical concentration in the same units,
the latter being constant throughouot the slab, ¢ s
in seconds, & is in -1, and &z is in cm? mol™! 571,
Monomer at x=1 iz in solubility equilibrium with
monomer in the gas phase a1 a partial pressure g,
with 8 Henry's Law constant 5:

[M]=S5p.
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The differential equation governing monomer concen-
tration in the slab is then

() (2

+ERj—E-[R][M]  (32)

where [} is the diffusion constant, cm¥fs.. The initial
condition is [M]=0 everywhere and bhoundary condi-
tions are

[M]=5p at x={
[_@6%150 at x=10 (no flux).

d[M]

The steady-state solution, for 7

=0 iz given by the

usual methods for linear differeatial equations with
constant coefheients,

cosh {x (Li—gﬂ) u‘z}

cosh {." (kiﬂml)w ]

(M1 =22+ (sp— btk 33)

The rate of monomer escape per unit area ar flux out
of the wp surface iz given, in molfcm?® s, by the usual
condition applied at the surface x={

_dsy  _ pelM]
quﬂ);:;_ b dx ).r::

where s refera to molez of monomer passing through
a 1 cm® surface element in &n imaginary plane at
position x.

The rate per unit yvolume is given by AF/¥F, ie., by
Fif, and the rate per unit weight by Fipi, where A is
the surface area, ¥ the volume and p the density.
Evaluation of ihe derivative amd multiplication give,
as the rate in molesf{ba=ze mole){zec)

T | Y 1 R

Fi]
Uiilizing the relationship berween rate constants and
equilibrium constants

koafbe=Ke= SKp

and the composite parameter

Z=1ik_fR]D- W=k AR]D-'SK 1P

the rate in molesf{base mole)(sec) is

k[ R { __p_] tanh £
100 p 1 o {35)

Although p is related to the monomer evelution rate,
gas Aow rate and sample weighit by an easily derived
proportionally constant, the insensitivity of observed
results to fiow rate aoggest that it is safe to neglect
the term p/K;.

Far the case p=(0, Carslaw and Jaeger [50] give a
complete solution including the time-dependent be-
havior, which becomes identical with the equation of
Cowley and Melville [T] upon proceeding to the Limit
of no reverse reaction,

The ateady state in the limit of infinite thickness is
easily derived from the general solution given above

-, 1= ) o (- ()

F = (ko RIDSK {1 = 5p}

(37)

I pfKp 3= negligible, the monomer concentration is
within 27 of its limiting valoe 2t a depth in cm

e (R

DS, 38)

The corresponding time-dependent surface flux is
F =00 RIDSELY erf (A[RISK- 13

if p=0. This form may possibly apply at very low
ternperatures and greal thicknesses, if monomer pro-
duclion alone i3 measured, but doez not apply in the
present experiments.

In the presemt work, the time.dependent region is.
mazked by holdup of vapor m the reaction furnace,
and the steady-state is reached before 20 min and
perhaps lang before this time. Thus the steady-stare
form eq (35) applies. The solid line in fgure 6 shows a
logarithmic plot of the ratio, rate/fR, as a function
of Z, according to wq (35) with p=0. The expen-
mental cate-differences, r — ., are shown on the same
plet as a function of thickness at constant temperature
and doze rate. A logarithmic plot of the rate r versus
{ should have the same shape as the curve, with co
ordinates shifted. [t is seen that there is no corres-
pondence with the curve.  The use of the correet but
somewhat uncertain r in place of r—i wonld not
appreciably alier the disagreement. Dose rate varia-
tions could be explored somewhat similarly if thermal
initiation were neghgible. The simplest explanation
of the very high rate at & thickness of 0.0006& cm j5 a
combination of pniform Lulk cate § with a high surface
rate & A plat of rate veraus thickness would be a
hyperhala, r=58+ aff which appears to be the varia-
tion encountered. The surface rate o could involve
either the polymer-gas interface or the polymer-metal
interface, as soggested by recent stedies at much
higher temperature [51].

1t iz conceivable that the observed surface rate is a
result of a higher temperature in ihe thinner samples.
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Sample temperature is not easily controlled and
measured with such thin ilms.  The sampie tempera-
ture is a function of many factors, heat of reaction,
therntal conductivity of polymer, radiative heat trans-
fer, heat capacity of the furmace, and others. An-
other reasonable mechanistic concept for the greater
rate from the thin films ie that the concentration of
polymer radicals is greater as a result of a more rapid
loss of small radicals whose only [unction would be
in lerminaticn.

Although our rate sluodies indicate that diffusion
and reverss reaction do nol dominate the radiabion-
tinduced decomposition, it ia very likely from the
product compositions, table 6, that the process is
appreciably perturbed by these influences and by side
regetions nat present in the usuoal thermal decompo-
sition io a vacuum. Al a low enough tempetature
these influences will be major. A rough estimate of
these effects can be made wilth the aid of eq (38),
which asseris thail in a =emi-infinite slab the monomer
concentration iz 1—e ¢ of the equilibrium value at
a depth 2KM DV [R)- =,

For temperatures low encugh 1o aveid appreciable

i)

thermal initiation, L'E[R]=ﬁr]:;1] i= taken fram eq

{17} in molfem? s, this is approximately

mil
et s”

0.0 % W42 exp {— 21, 200fRT} (40}

I} iz estimated from the voom temperature value of
Goldfarh et al. [42]. and an activation energy in the
range 8.4 to 14.6 kecal found for various gases in poly-
tetrafluoroethylene [51]. Using the corrected value
[42] of D=1.2210"* cm¥fs at 24 °C and taking Fp=
9,000 cal, ithe estimate gives

N =052 %10 exp (— Y 000{RT). {41)
The solubility could be estimaled similarly from the
BANE SOUTCES,

A likely opper limit can he found hy assuming ideal
solubility in polymer segments and extrapolating the
vapor pressure equation [53] far beyond the critical
temperature [54]. O this basis the solubility S is
§=5.2 %107 exp {+ 3,965{R Timolfcm? #m- 41
Combination with the thermodynamic egailibriem pres-
sure data [6] vields

K. =4.37 X 10! exp {— 3L, 735/RT }molfem®

over the range 390 to 480 “C. The depth for
= KA1 — e is, by substitution in eq (38)

(43)

2.2 -\ axp {—9,700/RT}cm, {44
At a temperature of 340 *C and a dose rate of 1 MEfh,
this iz 8 X 10— c¢m, and films of this thickness would he
approaching semi-infinite behavior, with a rate of
monomer evoletion dependent mainly upon surface
area. Under these cireumstances it is not surprising
that Lhe principal products observed at the lowest tem-
peratures are complex mixtures, arising [rom termina-
tivn and from side reactions.

5. Summary

The decomposition of polAetraflucroethylene ex-
posed 1o gamma radiation at dose rates of 0.1 to 7.6
MR/h appears to be a process with a relatively short
chain length and a rate near 400 °C not many times
greater than the thermal rate.  The rale is essentially
proportional te the square root of the dose rate and
mutnal termination occurs. The very low activation
encrgy. B4k){maol for the y-ray process indicates a very
high activation energy for thermal initiation which is
suppurted by earlier observations. Tt iz unlikely that
diffusion of the monomer through the polymer is hin-
dered to such an extent that repolymerization is impor-
tant. The deduced rate of thermal imitiation has an
gbnermally high preexponential factor and a high
activation energy, and Lhe activation energy for termi-
nation is also high. The very short kinetic chain
length and well-known independence of initial molecu-
lar weight together indicate that thermal initiation is
random.

The short chain length and the previously ohserved
molecular weight changes indicate that the termina-
tion step occurs nearly exclusively by radical combi.
nation, The observed decrease in DP over that
anticipated for termination exclusively by combina-
tion can be the resull of very small amounts of other
processes such as  dispropoctionation, transfer or
impurities. At lower temperatores b above 1he
melting transition, the yray induced decomposition
has lirtle temperature dependence and the volatile
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products are very complex and presumably the
resalt of direct radiolysis. This complex low-tem-
perature process is probably what was observed by
Taubman znd lanova.

The auothors thapk Dr. C. A, Sperati and E. 1.
du Pont de Nemowrs & Co., for the molecular weight
samplez amd data.
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